Abstract. Intracellular zinc homeostasis is tightly regulated under physiological conditions; however, dysregulation of zinc levels has been reported in various chronic inflammatory and malignant diseases. In this study, we aimed to assess the expression pattern of the 24 currently known zinc transporters in resting and stimulated human peripheral blood mononuclear cells (PBMCs). The cells were isolated from healthy probands and subsequently stimulated with phytohaemagglutinin (PHA) for 3 days. The expression levels of zinc transporters [Zrt̸IRT-like protein (ZIP) and cation diffusion facilitator̸zinc transporter protein (CDF/ZnT) families] were analyzed by quantitative reverse transcription-polymerase chain reaction. Of the 24 genes encoding for zinc transporters, 19 were found to be ubiquitously expressed in PBMCs. ZIP5 and ZnT10 were not found in all 5 samples, whereas ZIP12, ZnT3 and ZIP2 were expressed in only 1-2 out of 5 PBMC samples. Of note, stimulation by PHA led to an overall downregulation of zinc transporters in the PBMCs of 4 out of the 5 subjects. Notably, the transcript levels of ZIP14 were consistently induced and those of ZIP3 and ZIP4 consistently downregulated in all 5 subjects, whereas the corresponding levels of the remaining 21 genes varied. Data from this study may facilitate a better understanding of the pathophysiological role of deregulated zinc transporters in chronic inflammatory diseases.
Introduction
Zinc is the most abundant trace element in human cells and is involved in numerous catalytic, structural and regulatory processes (1) . As an essential component of >150 different enzymes, zinc plays an essential role in gene expression, cell differentiation, proliferation and signal transduction (2) (3) (4) (5) . Zinc was recently identified as an intracellular signaling molecule in immune cells, affecting cytokine production, apoptosis and T-cell proliferation (6) (7) (8) (9) (10) , suggesting that intracellular zinc homeostasis is indispensable for an adequate immune response (2) .
The liver plays an important role in maintaining zinc homeostasis by regulating extracellular zinc levels following its primary absorption by enterocytes (11) (12) (13) . Various hormones, such as insulin, glucagon and glucocorticoids and cytokines, such as IL-6, are involved in this regulation (4, 14, 15) .
At the cellular level, zinc homeostasis is considered to be tightly regulated by 14 members of the Zrt̸IRT-like protein (ZIP) and 10 members of the zinc transporter protein (ZnT) families of export/efflux proteins (16) (17) (18) (19) .
Over the last decades, epidemiological studies have associated reduced plasma/serum zinc levels with numerous medical conditions, such as diarrhea, pneumonia, diabetes mellitus, sickle cell anemia, cancer, impaired function of the immune system, gastrointestinal and chronic liver diseases and cancer (11, (20) (21) (22) .
In line with the pathophysiological significance of zinc as a trace element and the presence of specific ZnT and ZIP transporters, it is not surprising that a deregulation of some of these transporters has been described in the context of various diseases. Notably, there are few examples of a causal association between up-or downregulated zinc transporters and pathological conditions; ZnT8 appears to be causally involved in the development and/or progression of diabetes mellitus, although the underlying mechanism is disputed over. Chimienti et al (23) suggested that the reduced ZnT8 expression may result in impaired insulin storage and secretion by a reducing intracellular zinc pool. Other studies identified the presentation of ZnT8-derived peptides by HLA-A*0201-restricted T cells, leading to autoimmune disease and the subsequent development of diabetes type 1 (24, 25) . An ex vivo analysis of breast cancer tissue revealed abnormal expression of multiple proteins that are involved in zinc homeostasis, including ZIP6, ZIP7, ZIP10 and ZIP12 (26) , whereas ZIP4 was found to be upregulated in pancreatic cancer (24) . In hepatocellular carcinoma, the downregulation of ZIP14 was considered to be critically involved in the reduction of cellular zinc levels in the hepatocytes of patients with chronic liver damage (27) (28) (29) . Taking into consideration that chronic inflammatory diseases are regulated by immune cells and the various studies suggesting a regulatory role of zinc levels for the activity of these cells, our study aimed to investigate the overall expression pattern of the 24 currently known zinc transporters in resting and mitogen-stimulated peripheral blood immune cells.
Materials and methods

Isolation of peripheral blood mononuclear cells (PBMCs)
and mitogen-induced stimulation. PBMCs were isolated from the heparinized venous blood of 5 healthy donors by density gradient centrifugation over Ficoll gradients (Biochrom, Berlin, Germany), as previously described (30) . The cells were suspended in serum-free AIM-V culture medium (Invitrogen, Eggenstein, Germany) and incubated in the presence and absence of phytohaemagglutinin (PHA) (1 µg/ml; Sigma, Taufkirchen, Germany) for 72 h at 37˚C.
No further clinical information or laboratory parameters (e.g., zinc serum levels or number and composition of immune cell population) were available.
Extraction of total RNA and quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
Total RNA from 107 PBMCs was extracted using the RNeasy kit (Qiagen, Hilden, Germany) according to the manufacturer's instruction. Finally, the RNA was eluted in 70 µl RNase-free water. Aliquots of 5 µl each were used for the determination of RNA concentration via UV-spectroscopy and for the evaluation of RNA integrity by agarose gel electrophoresis. In each case, 500 ng of total RNA was transcribed into cDNA in a 40-µl reaction volume by AMV reverse transcriptase (Promega, Mannheim, Germany) and random hexanucleotides (Boehringer, Mannheim, Germany) using a standard protocol as previously described (31) .
The transcript levels of the 24 zinc transporters and β-actin were determined by qRT-PCR using the FX96 Cycler (Bio-Rad, Munich, Germany) and the QuantiTect™ SYBR-Green kit (Qiagen), using 1.5 µl cDNA and primer sets under the standard conditions described in Table I . The initial template mRNA amounts for all the genes were calculated using Ct-values as determined by the iCycler software in two steps as described below. Due to the primer design (usage of intron-spanning regions), the amplification of genomic DNA was excluded. Therefore, the gene expression levels [arbitrary units (a.u.)] illustrate the mRNA pool of the individual gene investigated. Randomly selected amplification products for each of the 25 primer sets were checked for their correct size by agarose gel electrophoresis in the context of melting curve analysis, ensuring specificity of the PCR products for all the reactions.
Data presentation, calculation of transcript levels and statistics. All the data were entered into a database using the Microcal Origin™ 8.0 program package (OriginLab Corporation, Northhampton, MA, USA). Data are expressed as median and 95% confidence intervals (CIs) unless otherwise stated. The calculation of the transcript levels was performed as follows: First, the transcript levels of the 24 zinc transporters in resting PBMCs were normalized to the β-actin level of the corresponding sample. These results are expressed as a.u. and represent the ratios between the investigated gene and β-actin transcript amounts. Second, in order to illustrate the changes of zinc transporter transcript levels following PHA-induced stimulation, the normalized transcript levels of the stimulated sample were divided by the corresponding data of the non-stimulated control. These data represent an x-fold change following stimulation based on medians for each gene (stimulated vs. non-stimulated). Of note, in order to illustrate an upregulation of zinc transporters not expressed under basal conditions, i.e., ZnT10 and ZIP5, samples with missing expression were arbitrarily assigned to cycle 45 and then normalized to the corresponding β-actin transcript level of the identical sample. Therefore, the x-fold changes of all the samples for ZnT10, ZIP5 and, in part, ZIP12 (4 samples), ZnT3 (4 samples) and ZIP2 (2 samples) genes represent 'artificial values' determined by the arbitrary transcript level of the non-stimulated sample.
Due to the explorative nature of this study, data are described without statistical assessment.
Results
Expression of zinc transporters. The amplified PCR products revealed the correct size of the expected cDNA fragment for all the PCR assays (data not shown). Of the 24 zinc transporters, 19 were found to be ubiquitously expressed in all 5 non-stimulated PBMC samples (Fig. 1) . In general, the variability within one gene was within 1-2 orders of magnitude. The median transcript levels of these 19 genes varied by less than 2 orders of magnitude. Individual expression levels among the 19 genes varied by 4 orders of magnitude. ZIP5 and ZnT10 (5x negative), ZIP12 and ZnT3 (4x negative) and ZIP2 (2x negative) were not expressed or only detected in a limited number of samples (Fig. 1) .
PHA stimulation. The stimulation of PBMCs by PHA led to a general proliferative stimulation of these cells (data not shown). In order to normalize for the interindividual differences among probands, the expression levels of the stimulated cells were normalized to the basal expression of the corresponding sample. As demonstrated in Fig. 2 , only 4 genes exhibited a consistent expression pattern among the 5 PBMC samples. ZIP14 was found to be induced (1.2-to 27-fold), whereas the expression of ZIP3, ZIP4 and ZIP13 was decreased in all 5 PBMC samples. The remaining 21 zinc transporter genes were differentially expressed among the 5 stimulated PBMC samples. In addition to ZIP14, ZIP5 and ZnT3 were found to be induced by 12-and 15-fold (based on medians), respectively, whereas the transcript levels of other zinc transporter genes were found to be reduced or unchanged (Fig. 2) . Of note, several samples of stimulated PBMCs [ZIP2 (1x), ZIP5 and ZIP13 (2x), ZIP12 (4x) and ZnT10 (5x)] were not found to be expressed.
Analysis of variability.
An analysis of the variability among the 5 probands revealed a similar expression pattern for 4 of the 5 PBMC samples (Table II) . The PBMCs of proband no. 2, in particular, exhibited a different pattern, with 15 induced zinc transporter genes; in the remaining 4 samples only 2-7 genes exhibited increased expression (Fig. 2) .
Discussion
In this study, we demonstrated that i) the majority of zinc transporters are ubiquitously expressed in peripheral blood immune cells; ii) ZIP14, ZIP5 and ZnT3 are strongly induced following stimulation and during proliferative response; and iii) the gene expression of the majority of zinc transporters is downregulated following proliferative stimulation.
Several previous studies described the expression profiles and patterns for selected zinc transporters in different contexts. Giacconi et al (10) demonstrated the ubiquitous expression of ZIP1, ZIP2 and ZIP3 in non-adherent lymphocytes; however, younger individuals exhibited higher transcript levels compared to elderly subjects. Overbeck et al (32) assessed the expression of ZnT1-9 in various leukocyte subsets in regard to zinc depletion and proliferative response and the basal expression patterns of the 9 ZnT transporters in PBMCs partially corresponded to our data. Similarly, ZnT2 and ZnT3 were not expressed or expressed to a very low extent, whereas ZnT1 was not the most dominant transporter in our study. Following PHA-induced proliferation in primary T cells, all 9 ZnT transporters exhibited reduced expression patterns compared to the controls (32) . A similar result was obtained in this study by demonstrating reduced transcript levels for all the ZnT genes, except for ZnT3. This difference may be attributed to the very low basal expression level in primary PBMCs and the potential induction of ZnT3 expression in immune cell types that were not investigated by Overbeck et al (32) . In addition to peripheral PBMCs, the authors of that study analysed the expression of ZnT transporters in purified T and B cells and observed a very similar expression pattern between the two cell types (32) . Taking into consideration that several dendritic subsets express various zinc transporters, such as ZIP2 in mice (33) and ZIP6 (34) , it is tempting to hypothesize that the induction of ZnT3 by PHA in our study may result from a small subset of dendritic cells present in the PBMC samples from of our subjects. Thus far, ZnT3 has been primarily identified in nerve fibers in mice and humans (35, 36) . Notably, the expression patterns were mainly similar in 4 of the 5 subjects. In line with the study of Overbeck et al (32) , the majority of zinc transporters were downregulated following mitogenic stimulation. The opposite finding observed in subject no. 2 (15 of the 24 genes were upregulated) may be attributed to various factors. Technical reasons (quality of PBMCs or RNA) may be excluded, since the results of β-actin (analysed as housekeeping gene) were not different. Furthermore, the PCR assays for ZnT10 and ZIP5 (negative in all 5 samples) were validated using liver tissues in which the expected PCR products were detected. Whether the individual immunological status of subject no. 2 is the potential cause for the induction of zinc transporters following PHA stimulation, possibly due to the presence of subclinical infection or generally reduced zinc levels, remains unresolved, since neither clinical data nor additional ex vivo material (i.e., blood samples) of the subjects were available. The individual differences regarding the expression levels of the 24 genes among the 5 individuals may result from i) variations in the composition of peripheral PBMCs that were not further characterized; and ii) different serum zinc levels that regulate the expression levels of zinc transporters (4, 37) .
The advantages of this study lie with the comprehensive analysis of gene expression levels of the 24 zinc transporters in peripheral blood immune cells, in resting state and following stimulation by PHA. In general, peripheral immune cells express a broad range of zinc transporters; however, the expression of the majority of these transporters is reduced following immunological stimulation. Due to the study design, we are unable to conclude on the expression of zinc transporters in various subsets of immune cells or its functional aspects. The acquired knowledge regarding the general expression pattern of zinc transporters in resting and stimulated peripheral immune cells may facilitate the identification of potential deregulated zinc transporters in chronic diseases. Absolute numbers represent the numbers of transporter genes either induced (ratio induced/control cells >1) or reduced (corresponding ratio <1) for the 24 genes. PBMC, peripheral blood mononuclear cell.
